Due to the rise in obesity and obesity-related conditions, there is growing commercial and public interest in foods and food components that promote health and lower risk of chronic metabolic diseases. Resistant starch (RS) is a non-viscous fermentable fiber that has beneficial metabolic effects on glucose tolerance, insulin sensitivity, and colon health in humans. While the mechanism behind the effects of RS are unclear, the benefits are thought to result from fermentation of RS in the large bowel by colonic bacteria resulting in a more favorable gut microbial composition and increased concentration of short-chain fatty acids (SCFAs). Evidence indicates that RS may result in increased colonic bacterial species Ruminococcus bromii (R. bromii), and in phylum level changes in Bacteriodetes and Fermicutes. The increase in SCFAs has been shown to potentially play a role in lowering gut pH to improve health, contribute to appetite control and reduced adipose tissue lipolysis; and reduce postprandial serum oxidative stress. Additionally, evidence indicates RS aids in treatment of diarrheal disease by interacting with both the human to increase SCFA concentration, water retention, and fecal weight and to interact with the disease-causing agent such that the insult to the human lumen cells is reduced. Therefore, RS may be a potent dietary therapy for individuals at risk for conditions including metabolic syndrome, type-2 diabetes, colorectal cancer, and diarrheal diseases. The effects of type, dose, and duration of RS intake and subsequent impact on health are important areas of further research.
Introduction
A typical Western diet is characterized by low intake of fruits and vegetables and high intake of refined foods rich in saturated fats and simple carbohydrates. This dietary pattern is a chief contributor to obesity and related diseases [1] . Obesity is associated with an array of metabolic and cardiovascular conditions including type-2 diabetes, heart disease, and some cancers [2] . Because of the rise in obesity and obesity-related conditions, there is growing commercial and public interest in foods and food components that promote health and lower risk of chronic metabolic diseases.
Dietary fiber is derived from plants and is composed of complex carbohydrates that are resistant to digestion and absorption in the small intestine because mammals lack the enzymes necessary for hydrolysis. When the fiber compounds reach the colon, they undergo complete or partial fermentation by the bacteria that inhabit the colon [3, 4] . Evidence shows that dietary fibers are linked to management of digestion and bowel health, and reduced cholesterol and glucose levels, among others. It is recommended that 25-38g of dietary fiber are consumed per day, however many individuals do not meet these recommendations, particularly in westernized societies [5] . In agrarian countries, where dietary fiber consumption constitutes more than 50% of daily energy intake, reports indicate lower incidence of metabolic and cardiovascular diseases compared to westernized societies [6] . In addition, epidemiological studies have shown an inverse relationship with diets high in fiber and heart disease as well as T2D [7] [8] [9] . Therefore, increasing fiber intake may improve health and decrease risk of cardiometabolic disease.
Resistant starch (RS) is a non-viscous fermentable fiber that is easily fortified into food products [10] and has generally been shown to have beneficial metabolic effects on glucose tolerance and insulin sensitivity, endothelial function, and colon health [11, 12] . Refer to [10, 13] for comprehensive reviews of the effect of RS on insulin sensitivity. While the mechanism behind the effects of RS are unclear, there is emerging interest in RS as an important dietary component to improve colon health and metabolic health. Benefits of RS may be largely due to fermentation of RS in the large bowel by colonic bacteria. The aim of the present article is to review the scientific evidence for the potential benefits of RS on human metabolic health through fermentation in the gut.
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Dietary Starch
Digestion of starch begins in the mouth where food is broken into smaller pieces by chewing. Starch is broken down into oligosaccharides by α-amylase, an enzyme in saliva. The bolus is swallowed and transported to the stomach and then to the small intestine. Starch has different rates of digestion depending on the structural properties and the processes applied to the foods containing starch. In nature, starch exists as granules, which contain two major polysaccharides: amylose and amylopectin. Amylose is a predominantly linear while amylopectin is a highly branched polymer and one of the largest known natural occurring polymers. The branched-chain structure of amylopectin is more open and accessible to breakdown by amylase, therefore it is rapidly digested and absorbed. In contrast, amylose is a tightly packed molecule and more resistant to breakdown (Figure 1 ) [14] . Consequently, starch is classified as rapidly digestible (RDS), slowly digestible (SDS), and RS according to the susceptibility of starch to digestion by pancreatic amylase [15] . Digestion depends on properties such as granular structure of the starch, amylose to amylopectin ratio, and size of the starch particles consumed. RS is defined as the sum of starch and products of starch degradation not absorbed in the small intestine [16] .
Four types of RS have been identified which vary by botanical source and processing (Table 1) [17] . RS1 is trapped within whole grains or seeds and is physically inaccessible to digestive enzymes. RS2 refers to the starch granules as in potato, banana, and high amylose maize. The conformation and structure of the starch granule cause the starch to be resistant to digestion. RS3 is retrograded starch and usually acquired after processing commonly after cooking and cooling. Novelose ® is a marketed form of RS3. RS4 is chemically modified starch. Fibersym ® is the most common marketed RS4. RS1 and RS2 are both naturally occurring; however RS2 can be genetically engineered. RS2 is marketed as Hi-Maize ® , which is one of the richest natural sources of RS. High-amylose maize starch (HAM), contains ≥50% amylose and has been investigated most extensively in humans because it is easily incorporated into foods without altering processing properties (Figure 2 ) [17] .
Resistant Starch and Microbiota
The gastrointestinal (GI) tract is inhabited by about 100 trillion bacteria collectively referred to as the gut microbiota. The microbiota is critical for maintaining immune function, GI health, and normal digestion of nutrients. [18] . Obesity, malnutrition, inflammatory bowel disease, neurological disorders, gutderived infections, and some cancers have been associated with dysfunction in the gut microbiota [19] . Healthy adults generally share the same core microbiota dominated by bacterial species from the Firmicutes and Bacteroides families [20] . Bacteroides are generally thought to benefit the host by fighting pathogens in the gut while Firmicutes are involved in energy absorption [21] . Recent evidence suggests that the distribution of certain dominant bacterial species varies among individuals due to factors such as weight status and diet [22, 23] . Diet composition, specifically intake of RS, has been found to have a considerable impact on specific groups of bacteria in humans that may affect health [21] .
There is evidence indicating that RS may promote growth of various species of bacteria that inhabit the colon, as RS is a fuel source metabolized by colonic bacteria. Changes in bacteria composition occur quickly, within only 3 days of RS intake then returned to previous levels once RS intake is ceased [21] .
Alterations have been observed in bacterial species composition with RS2, RS3, and RS4 supplementation in humans, however results vary with dose and type of RS. RS2 and RS3 supplementation has been shown to increase the bacteria species Ruminococcus bromii (R. bromii), belonging to the Firmicutes family, indicating the ability of these bacteria to colonize and to utilize RS as an energy source. [21, 24] . Ruminococci species facilitate fermentation of carbohydrates in the colon. R. bromii specifically, appears to adhere to HAM starch and play an important role in fermentation of RS [25, 26] . RS4 compared to RS2 supplementation in healthy humans increased Bacteriodetes and decreased Firmicutes. RS2, however was associated with increased R. bromii. Another study found 10g/day of RS3 to increase bifidobacterium, a species in the Actinobacterial class, in healthy humans [27] . Some strains of bifidobacterium are thought to have a range of health benefits in the colon including regulating microbial homeostasis in the intestine, suppressing pathogens and harmful bacteria, and converting of dietary compounds into bioactive molecules [28] . Taken together, evidence suggests that RS may provide fuel through increasing bacteria associated with carbohydrate fermentation as well as increasing bacteria beneficial to homeostasis and protection of the colon.
Whether these changes in bacterial composition that have been observed with various type of RS intake result in any health benefits has not been established. Further investigation into the effects of different types of RS intake on gut health is an important area of future research.
Short Chain Fatty Acids
While RS may improve microbial composition, the beneficial effects of RS are thought to be due to increased production of short-chain fatty acids (SCFAs) which are by-products of microbial fermentation of RS in the gut [29] . SCFAs are one of the most essential microbial products affecting a number of physiological processes such as energy utilization, host-microbe signaling, production of secondary bile acids, control of colonic pH, and gut motility. In addition, SCFAs play a role in epithelial cell proliferation and are associated with reduced diet-induced DNA damage and decreased precancerous lesions [30] . SCFAs are metabolized rapidly by the colon epithelial cells, referred to a colonocytes, which line the villi of the colon. They serve as the major respiratory fuel for the colon supplying 60-70% of the energy needs of isolated colonocytes.
The majority of SCFAs are taken up by the colon. In fact, less than 5% of SCFAs appear in feces. SCFA uptake into the portal circulation influences the upper gut musculature to decrease gastric tone thereby resulting in expansion of volume after ingestion of RS. This action is important for the function of the GI system. SCFAs have a trophic effect in the colon, stimulating growth of colorectal and ileal mucosal cells [31] . SCFAs are sensed by G protein-coupled receptors, GPR41 and GPR43 which are expressed in the distal small intestine, colon, and in adipocytes [32, 33] .
The most common SCFAs are butyrate, acetate, and propionate, which make up approximately 80% of SCFAs [34] . Butyrate is known to be most beneficial for colon health because it is the preferred energy source for bacteria and colonocytes. It promotes normal cell differentiation and proliferation, therefore may play a role in the prevention of cancerous lesions and other colon disorders Absorbed propionate and acetate are transported to hepatocytes and consumed for gluconeogenesis [33] . Though speculative, propionate may be protective against cardiovascular disease by potentially decreasing the absorption of dietary cholesterol. This would be evident by altering LDL-cholesterol and C-reactive protein (CRP) levels, which are biomarkers of cardiovascular disease [35] . Acetate has been shown in vivo to suppress adipose tissue lipolysis causing reduced non-esterfied fatty acid (NEFA) and glycerol levels [36] [37] [38] 39] . A deficiency of SCFAs in the intestine, particularly butyrate, is related to inflammation in the colon and ulcerative colitis [40] .
Gut pH
SCFA are relatively weak acids. Raising the concentration of SCFA through fermentation in the colon results in decreased pH. Decreasing colon pH reduces the colonic bile acid production and the solubility of bile acids, which is thought to reduce the cell-damaging properties of fecal water (or components of feces in contact with colonic mucosal cells) and protect against colon cancer. It is thought that increased SCFA production due to RS intake decreases cytotoxic bile acid production in the colon thereby reducing risk of colon cancer [41] [42] [43] .
The effects of RS on large bowel pH in humans is limited to fecal values. Noakes et al. observed an increase in butyrate and a significantly decreased pH in fecal matter of human subjects fed HAM RS2 compared to the control diet [31] . There was also an increase in stool frequency with the HAM RS2 diet. Another study found that two weeks of 28g/day RS2 intake increased SCFA excretion, decreased colonic bile acid concentration and cytotoxicity of fecal water, and reduced colonic mucosal proliferation in rectal biopsies [44] . In contrast, 32 g/d of either RS2 or RS3 intake for 1 week resulted in increased breath hydrogen (an indicator of increased colonic fermentation) and stool weight, however, there was no change in pH, SCFA concentration, bile acid, or cytotoxicity of fecal water [42] . Duration of RS intake may be a factor causing varying results between studies. While data suggest RS intake may lower gut pH, it is unclear whether gut health is improved.
Appetite Control
There may be a role for RS in appetite control. The increased time needed to chew foods containing high fiber and RS may increase satiety as chewing stimulates saliva and gastric acid production. This, in turn, increases gastric distention and feelings of fullness [35] . Evidence also suggests that RS consumption may decrease the rate of glucose absorption in the small intestine, thereby reducing the insulin response and increasing satiation [45] . de Roos et al. observed significantly lower appetite scores with 4 weeks of 30g/day HAM RS2 consumption compared to retrograded RS3 in healthy men [46] . However, participants felt less full while consuming the HAM RS2. HAM RS2 consumption in an acute dose of 48g was shown to reduced energy intake for the next 24 hours compared to placebo, however there was no effect of RS consumption on appetite scores [47] . These findings suggest RS2 may have beneficial implications in appetite control and weight management. Further studies are needed to determine appropriate dosage of RS and the effect of RS on appetite and food intake in overweight and obese individuals.
Evidence suggests that SCFA may have a role in satiety signaling, providing a potential mechanism underlying the effect of RS consumption and appetite control. SCFAs activate the L-cells to secrete hormones peptide YY (PYY) and glucagon-like peptide (GLP)-1 [48] . The release of these hormones in response to food consumption activates neural pathways that lead to altered metabolic rate, regulation of gut motility, and reduced appetite [49] . SCFAs act as ligands for G-protein-coupled receptors (GPRs) GPR43 and free fatty acid receptors 2 and 3 (FFAR2, FFAR3). These receptors are activated by increased SCFAs in circulation. GPR43, FFAR2, and FFAR3 are colocalized within L-cells in the human large intestine which has led to the suggestion that activation of these receptors by SCFA ligands may facilitate PYY and GLP-1 release. Subsequently, increasing RS in the diet may increase these gut hormones, thus leading to reduced energy intake and long-term weight loss. To achieve this effect, however, likely requires high consumption of RS, which may lead to side effects such as bloating, cramping, flatulence, and soft stool [49] . Further investigation is necessary to determine the effects of RS on satiety hormones in humans.
Adipose Tissue Lipolysis
It is now clear that RS, generally HAM RS2, consumption improves insulin sensitivity [12, [50] [51] [52] . This may be a secondary result of alterations in fatty acid flux associated with RS fermentation and SCFA production. Fatty acid metabolism is a critical factor in determining tissue insulin sensitivity. Abnormalities in fatty acid storage and lipolysis cause increased fatty acid flux on tissues such as liver and skeletal muscle [51] . This is a central event in the development of insulin resistance. SCFA are absorbed into the blood stream where they are metabolized by muscle and adipose tissue. Robertson et al. found increased systemic concentrations of acetate and propionate after 4 weeks of HAM RS2 supplementation compared to placebo in ten individuals [51] . They also found a significant increase in SCFA uptake across both skeletal muscle and adipose tissue and lower postprandial nonesterfied fatty acids (NEFA) after a meal tolerance test with 4 weeks of RS supplementation compared to placebo. In a later study, Robertson et al. found increased expression of genes involved in lipid uptake and mobilization including lipoprotein lipase (LPL), hormone-sensitive lipase (HSL), and adipose triglyceride lipase (ATGL) [10] . Increased expression of these lipases is beneficial because HSL is the primary lipase for lipolysis and AGTL has been shown to mediate triglycerides during basal lipolysis [53, 54] . Expression of these genes is typically reduced in obesity and type-2 diabetes, signifying failure of adipose tissue to differentiate. In addition, obesity and ty[e2 diabetes are characterized by altered regulation of FFA flux. Increased expression of these genes implies increased capacity for fat storage and proper adipose tissue function, and ultimately beneficial to health.
Increased circulating SCFAs from fermentation of RS inhibit adipose tissue lipolysis though interaction with FFAR2 and FFAR3 thereby reducing plasma NEFA. Acetate and propionate are highly bioactive and have been shown to dosedependently inhibit adipose tissue lipolysis in mice infused with sodium acetate [55] . Further, SCFAs influence adipose tissue adipogenesis through interaction with FFAR2, a mediator of adipocyte development and differentiation, which results in smaller adipocyte size and lower secretion of pro-inflammatory cytokines. These observations may have important implications in obesity and type-2 diabetes which are characterized by large adipocytes and systemic inflammation. There is mounting evidence to suggest that RS intake may influence fat metabolism and lead to improved insulin sensitivity.
RS and Oxidative Stress
There are few human studies indicating a role for RS in oxidative stress. Kwak et al. investigated the effects of RS on postprandial oxidative stress in prediabetic individuals [11] . Consumption of a high-fat and/or carbohydrate meal results in postprandial oxidative stress (oxidative stress caused by the metabolism of a consumed meal), particularly a meal high in saturated fat [56] [57] [58] . Over time, poor diet quality leads to increased oxidative stress, which has been associated with increased risk of atherosclerosis and related disorders [57] . Their findings indicated that consumption of rice containing HAMRS2 for 4 weeks resulted in improved endothelial function, reduced postprandial glucose, and reduce oxidative stress in patients with impaired fasting glucose or impaired glucose tolerance [11] . Endothelial dysfunction is an early indicator of vascular damage and cardiovascular disease [59] . These findings suggest RS may have a beneficial effect in the postprandial period through reducing oxidative stress and subsequent progression of CVD.
Cancer
Colorectal cancer (CRC) was the third most common cancer in the United States in 2010 and has the second highest mortality rate [60] . CRC develops when damage to colonocytes, cells which line the large intestine, occurs giving these cells characteristics allowing increased proliferation, resistance to death, and eventually, potential for metastasis [61] . Evidence suggests that diet may play a role in promoting and/or protecting against colonic carcinogenesis. Epidemiological data indicate reduced risk in populations with high vegetable consumption [62] . It is thought that this may be due to the complex carbohydrate content, such as dietary fiber. RS has been proposed to be chemoprotective in humans through promoting growth of beneficial bacteria in the intestine, increasing the short-chain fatty acid butyrate concentration, and having a suppressing effect on conversion of primary to secondary bile acids in the large intestine [63, 64] . A gold standard biomarker for colorectal cancer has not been established, therefore, concluding whether RS has an effect on cancer risk is difficult to determine.
Few studies have investigated the effect of RS on CRC in humans and thus far have yielded inconsistent results. One study reported a possible detrimental effect such that potential for oxidative stress and subsequent DNA damage was increased in 12 healthy participants when fed 60g/day of highly resistant HAM RS, Hylon VII [65] . Two years of 30g/day of RS2 showed no effect in the development of adenomas or colorectal cancer risk in individuals with Lynch syndrome [66] . Most studies in humans have found no association with RS and cancerous cell proliferation [65, [67] [68] [69] [70] , however one study found a decrease in cells undergoing mitosis in the upper portion of the colon after RS supplementation compared to placebo in colorectal cancer patients [68] . There was no effect of RS on tumor cell proliferation, however there were also beneficial changes in expression of key cell cycle regulatory genes and the authors concluded that RS may have a favorable effect on colorectal cancer [68] . Malcomson et al. proposed RS may be protective by modulating the WNT signaling pathway through increased butyrate concentration [71] . There are three WNT pathways characterized by signal transduction pathways made of proteins that pass signals from the outside to the inside of a cell through cell surface receptors. WNT plays an important role in regulating large bowel cell proliferation and butyrate modulates this pathway in a beneficial manner. Abnormal WNT signaling has been shown in CRC; therefore increased butyrate circulation with RS intake may reduce CRC risk by way of the WNT signaling pathway. Although evidence that RS is protective against CRC is inconsistent and speculative, the potential for RS to have an effect on CRC merits further research.
In vitro studies have shown cancer-protective effects of RS in the colon due to increased SCFAs, namely butyrate, and their role in inhibiting cell proliferation and inducing apoptosis [72] . Wacker et al. studied the effects of HAMRS2 consumption on oxidative stress and DNA damage in colon mucosal cells of healthy individuals [65] . Their findings indicated that the HAMRS2 diet resulted in increased oxidative stress and DNA adducts compared to a control diet. These findings are thought to accelerate carcinogenesis, therefore RS may have a detrimental effect on mucosal cells in the colon. This is the first study investigating the relationship between RS and oxidative stress in colonic mucosal cells in humans, thus further research is needed to delineate the effects of RS and SCFAs in the colon.
Bowel inflammatory and diarrheal diseases
Inflammatory bowel diseases (IBD), such as Crohn's disease and ulcerative colitis are, are characterized by abdominal pain, diarrhea, rectal bleeding, intestinal inflammation, and ulceration [73] . Diets high in fiber, fruits, and vegetables are thought to protect against inflammation and CRC [74] . Few studies have investigated the effects of RS on IBD in humans, however it is hypothesized that RS can potentially increase fecal bulk, decrease pH, reduce constipation, and improve microbial composition, thereby reducing the incidence and risk of IBD manifestations. However, RS intake may also exacerbate symptoms, as bloating and increased gas has been shown at higher doses [75] . See Higgins et al [76] for a review of RS on IBD. The main beneficial effect of RS in IBD is thought to be due to increased circulating SCFAs, particularly butyrate [77] . Studies have shown butyrate to have an anti-inflammatory effect on the NF-kappaB pathway when activated by proinflammatory cytokines. Additionally, there is evidence that SCFAs have anti-tumor effects by increasing susceptibility of colon cancer cells to cell death [78] . This is achieved through regulation of cell cycle proteins to induce apoptosis. Refer to Andoh et al [79] for a review of the effects of SCFAs on inflammatory pathways in the colon.
Diarrheal diseases, such as cholera, are one of the main causes of infant and child death in developing countries affecting more than 3 million children every year [80] . Maintaining fluid balance is crucial to survival of diarrheal diseases. Addition of RS to oral rehydration therapies was suggested due to the ion absorption properties of increased SCFA. Patients with cholera fed HAMRS2 experienced shortened duration of diarrhea and reduced fecal fluid loss [81] . This is thought to be due to increased SCFAs, particularly butyrate, in the colon which stimulate sodium and water absorption by the colon [82] [83] [84] [85] . Gancz et al. discovered that HAMRS2 interacts with pathogenic serogroup V. choleraI such that V. cholera adheres to HAMRS2 [86] . Therefore, HAMRS2 may function by two possible to improve cholera and other diarrheal diseases: 1) interaction with the human body (i.e. increased SCFAs, fecal bulking, and slower transit time) or 2) interaction with the diarrhea-causing agent. In a follow-up study, it was determined that V. choleraI adheres to starch granules in the colon providing an alternative energy source to human lumen and reducing colonization and subsequent infection [87] .
Conclusions
Many studies have demonstrated that RS may have beneficial effects in human health that are likely due to fermentation in the gut. Some data indicates that RS may improve health through favorable increases in gut microbial composition. While RS has been shown to change microbial composition, investigation into how different types of RS effect microbial composition and health is an important area for future research. Much evidence points towards the beneficial effects of RS resulting from increased SCFA concentration due to RS fermentation in the gut. Additionally, several human studies have also demonstrated improved insulin sensitivity [50, 52] . Studies also indicate a possible role for RS in reducing CRC risk, improving fat metabolism, appetite control, and postprandial oxidative stress. Additionally, RS appears to have a clear impact on certain diarrheal diseases, specifically cholera, through interaction with the disease-causing agent and/or benefits of increased SCFAs. While the underlying mechanisms of RS remain unclear, RS may be a potent dietary therapy for individuals at risk for metabolic syndrome, type-2 diabetes, colitis and colon cancer, diarrheal diseases, and obesity. Further human research into the optimal dose and duration of RS intake as well as the target population for its use is warranted. The long-term adaptive effects of RS in microbiota and colonic fermentation are unknown. Further investigation into longterm exposure to RS, particularly in the setting of obesity and/ or diabetes, will reveal the effect of long-term RS intake as a treatment or pharmacological therapy.
